In this study, the effects of temperature, pressure and relative humidity (RH) on hydrogen crossover rate from anode to cathode of a PEMFC is investigated.
Introduction
Proton Exchange Membrane Fuel Cells (PEMFC) have received considerable attention from researchers in the recent decades as a source of clean energy and as an alternative to conventional internal-combustion engines in automobile and transportation applications due to its high power density, high efficiency, zero emissions, nonmoving parts and silent operation. The main advantage of PEMFC arises from the emission free electricity generation by reacting oxygen and hydrogen to produce water and heat as the only byproducts. [1] [2] [3] However, PEMFC still faces several difficulties, such as high cost due to use of expensive materials and limited durability related to component degradation during operation [4] . Thus, a lot of emphasis has been given to study, understand, and alleviate these issues [5] [6] [7] .
The polymer ion conducting membrane is a key component of membrane electrode assembly (MEA) of a PEMFC. In recent years thinner membranes have been developed to increase ionic conductivity and, hence, to increase the cell performance.
However, with decreased membrane thickness other problems have arisen, such as reactant crossover (especially at low current densities) and reduced mechanical stability of the membrane.
Hydrogen crossover is the diffusion of hydrogen from the anode to the cathode through the membrane which occurs faster than the diffusion of other gases. Several groups [8] [9] [10] [11] have investigated the effect of hydrogen crossover. Hydrogen crossover has at least three negative effects on fuel cell operation: fuel efficiency reduction, cathode potential depression, and aggressive peroxide radical formation [12] .
Specifically, the hydrogen which crosses over can directly react with oxygen at the cathode surface, resulting in reduced cell voltage due to development of so called mixed cathode potentials [13, 14] . H 2 and O 2 could also react directly at the cathode producing peroxide radicals at the same time, which not only attack the catalyst layer but also the membrane, causing significant catalyst layer and membrane degradation [15] . Wang et al. [16] demonstrated via ex-situ NMR (nuclear magnetic resonance) and FTIR (Fourier transform infrared spectroscopic) analysis of Nafion ® based MEAs that the membrane degradation was originated from the decomposition of polymer main chain. It is speculated that with the increased loss of membrane units, small bubbles with the diameter of several microns started to form inside the membrane itself. These bubbles made the membrane vulnerable to hazards of gas crossover, which further led to a catastrophic failure of the proton exchange membrane. There are mainly two ways to form hydrogen peroxide, one being oxygen reduction at the cathode, the other based on the crossover of oxygen from the cathode to the anode.
The hydrogen peroxide diffuses into the membrane and reacts with metal ions, present as impurities in the membrane to form HO• or HOO•, which can attack the polymer and degrade the membrane [17, 18] . In addition, hydrogen radical species have also been reported can degrade the membrane [19] . Therefore, the measurement of hydrogen crossover is of great importance for the fundamental understanding and practical mitigation of fuel cell degradation and membrane failure.
Effects of operating conditions on the hydrogen crossover has been investigated by several groups [15, 20, 21] but the detailed mechanism and locally evolving process of hydrogen crossover during the changing of operating conditions have not been clarified. In this study, we applied segmented cell measurements, which are powerful tools for in-operando monitoring of current density distribution [22] [23] [24] [25] [26] , for locally resolved monitoring of the hydrogen crossover current density distribution.
Segmented cells have been already demonstrated to be suitable to detect large amounts of hydrogen crossover due to pinholes in the membrane [24] . To the best of our knowledge, however, they have not yet been used to investigate effects of cell temperature, back pressure and relative humidification on local hydrogen crossover distribution in intact MEAs.
Experimental
In this section, the test objects and segmented cell technology are firstly described.
Afterwards the electrochemical method of measuring hydrogen crossover and methods of measuring the effects of temperature, back pressure and relative humidity on hydrogen crossover are described separately.
Test objects
Two different membrane electrode assemblies (MEAs) were used as test objects.
MEA1 is a commercially available MEA from Wuhan Xinyuan Corporation with a perfluorosulfonic acid (PFSA) membrane with a thickness of 25 µm. The active electrode area was 50 cm 2 . Single channel serpentine flow fields were applied on both electrodes of the cell. In order to keep the MEA, the gaskets and the segmented board in good contact, clamping pressure of 8 bars was provided by cylinder compression.
Relative humidity was controlled by passing reactants through bubbler humidifiers.
MEA2 is a commercially available product from Johnson Matthey Fuel Cells. The membrane thickness was 20 -25 µm and the active electrode area was 25 cm 2 . The experiments were conducted on a homemade single cell test bench at DLR (see affiliation above) in Stuttgart, Germany, using single channel serpentine flow fields.
samples were conditioned at 1000 mA cm -2 with fully humidified gases for 20 hours.
Stoichiometry ratios were 1.5 and 2.0 for hydrogen and air, respectively.
Segmented cell technology
To investigate the locally resolved hydrogen crossover current density, the segmented printed circuit broad (PCB) technology [22 -24, 27 ] was adopted. The segmented flow field plate integrated with temperature sensors was installed between the MEA and the anode current collector plate. Our previous study [24] ascertained the assumption of identical current density distributions in anode and cathode by integrating segmented bipolar plates on both sides of the cell. The identical current density distributions obtained indicate negligible lateral currents due to high conductivity perpendicular to the membrane plane compared to the in-plane conductivity and the anode and cathode current density distributions are equivalent.
The current density distribution data were collected using a data acquisition unit consisting of a multiplexer and a digital multimeter. In this study, two segmented plates with the same segment configuration but different segment size were used for MEA1 and MEA2, respectively.
Measuring hydrogen crossover rate
After the conditioning procedure a nitrogen flow was introduced into the cathode to remove the air and the anodic H 2 flow was set at a constant rate. The specific flow of nitrogen was 120 ml min -1 for MEA1 and 60 ml min Throughout the whole experiment the hydrogen crossover current density distribution was recorded using a segmented plate.
Effects of temperature and back pressure on H 2 crossover rate
MEA1 was used in this section. Throughout the experiment the RH was kept at 100% for both electrodes. The investigated cell temperature range was from 50 °C to 80 °C and the investigated back pressure range was from 1.4 bars to 1.9 bars absolute pressure. Throughout the experiment, j cross H2 was recorded by a 50 cm 2 segmented plate.
Effects of relative humidity on H 2 crossover rate
To analyze the effect of relative humidity on hydrogen crossover MEA2 was used.
The RH range, controlled by adjusting the dew point temperature of bubbler humidifiers, was from 50% to excessive humidification. Back pressures were kept at 1.5 absolute bars for both electrodes and cell temperature was kept constant at 80 °C. j cross H2
distribution was recorded throughout the experiment using a 25 cm 2 segmented plate. is plotted as an average value of the entire cell (A), gas inlet area (B), center flow field area (C), and gas outlet area (D). The data is determined from segmented cell measurements depicted in Figure 2 . In accordance with Inaba et al. [28] it was found that the average hydrogen crossover current density increases with temperature. In panel (A) an almost linearly dependence of j cross H2
on T cell is observed with a slope of 0.038 mA cm -2 K -1 .
From a thermodynamic perspective, gas diffusion through polymers is due to random thermal movement of gas molecules in the polymer structure as reviewed by Rogers [29] . Through thermally activated jumps, gas molecules can permeate across the barriers comprised of van der Waals force between the polymer chains [30] . So when temperature increases, the thermally activated hydrogen molecules could permeate across more barriers which lead to an increased hydrogen diffusion coefficient. From the perspective of microscopic structure of the membrane, the flexibility of the membrane increases with increasing temperature [28, 31] . Apart from that, the movement of the hydrophobic backbone in the PFSA membrane is facilitated at elevated temperatures, resulting in increased free volume for the hydrogen crossover in the PFSA membrane [32] . 380 ml min -1 , N 2 flow: 120 ml min -1 , 100% RH, back pressure: 1.5 bars absolute pressure for both electrodes). In (A) the average current density of the entire cell is plotted along with a linear fit (included in other panels for comparison). In (B) the gas inlet area corresponds to segments in lines 1 and 2 according to the images in Figure 2 . Center area is defined as segments of lines 3, 4, and 5 (C). Gas outlet area corresponds to segments of lines 6 and 7. distributions (mA cm -2 ) of MEA1 fed with fully humidified H 2 /N 2 (H 2 :380 ml min -1 , N 2 : 120 ml min -1 ) with the increase of cell temperature at 100% RH for both electrodes. In (b) the definition of the different flow field areas is illustrated. (Segment A1 and G7 are inlet and outlet of hydrogen. G1 and A7 are inlet and outlet of air.)
In Fig. 1 and Fig. 2 , it can be observed that j cross H2
is the highest at the gas inlet area. The values at the center area correspond to the cell average current density which is in the same range as observed by Inaba et al. [28] . The relatively low H 2 crossover at the outlets with very high fluctuations is likely due to periodic accumulation and blowing out of condensed water. Moreover, it could also be observed in Fig. 2 that segment A7 and G7, which correspond to outlet of air and hydrogen, indicate distinct low hydrogen crossover. This is caused by relative low temperature of outlets and blocking of hydrogen permeating pathway by condensed water. Generally, with Air H 2 
Inlet area
Center area Outlet area increasing cell temperature the crossover rate increases but the H 2 crossover distribution remains largely unchanged.
Effects of back pressure on H 2 crossover
The main permeating path of hydrogen molecules is the aqueous phase that constructs the proton conducting water channels [33] . The pressures applied in PEMFC are smaller than the capillary pressures in the water channels, which are estimated by Eikerling [34] to be in the order of 100 bars. Hence, the transport of gases through the water channels of Nafion is not driven by differential pressure but by diffusion.
A concentration difference Δc of molecules over a distance d, here d is the membrane thickness, yields a molar permeation flux density j, as described by Fick's law [30] c D d
where D represents the diffusion coefficient of the gas in the considered medium. The permeated hydrogen molecules will be oxidized instantaneously as soon as it reaches the cathode catalyst layer at the applied voltage. So in our study, Δc is approximated to be the concentration in the anode side, eq (4) could be modified as
According to Henry's law, the H 2 concentration at anode is proportional to the pressure in our considered pressure range. So the c anode here is approximated to be proportional to the anode hydrogen partial pressure P H2
where S is the scale factor that is independent of the pressure in our considered pressure range. In our study, the feeding gas was 100% humidified at 80 o C before introducing into the anode so the total anode inlet pressure P inlet (the inlet pressure was assumed to be equal to the back pressure) is the sum of hydrogen partial pressure and water vapor partial pressure P vapor 2 inlet H vapor
Combined eq (5) with eq (6), the following equations could be obtained
inlet vapor is demonstrated in Fig. 3 . By linear fitting, the average j cross H2
of the entire cell in Fig. 3 (A) shows a goodness of fit R 2 = 0.96 and a slope of 3.331 mA cm -2 bar -1 . The measurement results confirmed our assumption of a close linear relationship between anode hydrogen partial pressure and hydrogen crossover rate. However, in literature a deviation from the linear behavior was observed when further decreasing the pressure down to ambient pressure [28] .
According to Fig. 3 (B) and (C) that the j cross H2 in gas inlet area is always above the average fit curve and the j cross H2
in center area is above the average fit curve below 1.7 absolute bars and lower than average value when anode back pressure is higher than 1.7 absolute bars. This could also be observed in Fig. 4 homogeneity of the entire cell increases which could be indicated by the decreased standard deviation in Fig. 3(A) . The abnormal value in Fig. 3 (D) at 1.5 and 1.6 absolute bars could be caused by the flooding water which blocks the hydrogen permeating pathway. . In (A) the average current density of the entire cell is plotted along with a linear fit (included in other panels for comparison). In (B) the gas inlet area corresponds to segments in lines 1 and 2 according to the images in Figure 4 . Center area is defined as segments of lines 3, 4, and 5 (C). Gas outlet area corresponds to segments of lines 6 and 7. distributions (mA cm -2 ) at the initial stage (when voltage applied at cathode was 150 mV) of MEA1 fed with fully humidified H 2 /N 2 (H 2 :380 ml min -1 , N 2 : 120 ml min -1 ) at different back pressures. (Segment A1 and G7 are inlet and outlet of hydrogen. G1 and A7 are inlet and outlet of air.) Fig. 6 shows the polarization curves of MEA2 at different humidification. It can be observed that the performance increased with RH increasing from 50% to 90%; above 90% no significant performance improvement was observed. Apart from that, no dramatic performance decline could be observed at high current density region which means little concentration loss at gas diffusion and catalyst layers. Furthermore, no flooding has occurred even at fully humidification condition in the studied current density range. The work by Bensmann [15] has reported that the influence of RH on hydrogen crossover is more complex than that of temperature and back pressure Air H 2 where approximate linear dependencies are observed. According to Fig. 7(A) H 2 crossover current density increased non-linearly when RH was increased from 50% to 100% and then j cross H2 decreased when RH exceeded 100%. The behavior for RH < 100% is consistent with the study by Inaba et al. [28] which covers the RH range 40 -80%.
Effects of relative humidity on H 2 crossover
For the sake of completeness it is noted that at dry conditions an increased H 2 crossover rate is observed due to reduced membrane tightness which becomes subsequently reduced with slightly increasing humidification [35] . In our experiment, starting at RH=50%, increasing RH will increase the water content in the membrane, which may increase both H 2 solubility and diffusion coefficients thus increase H 2 crossover. However, based on eq (6), for a controlled anode inlet pressure and constant cell temperature, the increase in RH would lead to the increase of vapor partial pressure P vapor and decrease of hydrogen partial pressure P H2 . As has been studied in 3.2, a reduced hydrogen partial pressure would lead to a reduced j cross H2 . So from 50% to 100% RH the effect of increasing H 2 solubility and diffusion coefficient was bigger than that caused by P H2 reduction, resulting in increased hydrogen crossover. With the H 2 solubility and diffusion coefficient approaching saturation, the P H2 reduction began to slow the j cross H2 increasing rate down when RH increased from 70% to 100%. j cross H2
began to decline at excessive humidification most likely due to flooding of gas diffusion and catalyst layers which hinders hydrogen crossover. In (A) the average current density of the entire cell is plotted along with a linear fit (included in other panels for comparison). In (B) the gas inlet area corresponds to segments in lines 1 and 2 according to the images in Figure 8 . Center area is defined as segments of lines 3, 4, and 5 (C). Gas outlet area corresponds to segments of lines 6 and 7. Pay attention to different Y axis scale in (A). [32, 36] .
The hydrophilic phase is responsible for the water uptake in PFSA membrane. Water uptake of the PFSA membrane at low RH results in the rearrangement of the hydrophobic backbone due to an elevated flexibility. Such rearrangement would create more free volume at the intermediate phase for hydrogen crossover. Free volume has the least resistance for hydrogen crossover so the crossover rate increased rapidly from 50% to 70% RH especially from 60% to 70% RH. Interestingly, the cell performance in Fig. 6 also shows significant improvement from 60% to 70% RH. This could be caused by the transition of proton conducting mechanism in the membrane from vehicle mechanism to hopping mechanism or Grotthuss mechanism [37] with increasing humidification. Further water uptake of the PFSA membrane would lead to the construction of water channels due to the combination of water molecules with ionic clusters in hydrophilic phase. The gas permeability of water channels is less than void volume but much higher than solid phase of PEM. So a slow hydrogen crossover increasing rate was observed from 70% to 100% RH in Fig.   7 (A). Water uptake by Nafion membrane from liquid water (RH>100%) is higher than that from saturated water vapor [38] . This difference in water uptake can be explained by Schroeder's paradox [39] . Based on this paradox, the lower water uptake from vapor phase might be due to the hindered condensation of vapor within the pores of the membrane, which means at 100% RH there may still be some pores occupied by water vapor available for hydrogen permeation. Furthermore, it has been demonstrated that Nafion forms a skin layer of ca. 5 nanometers at the water vapor interface that represents a significant barrier to water uptake [40, 41] . This layer, however, undergoes reconstruction at the liquid water interface and water uptake is improved. Hence, a decrease in hydrogen crossover was observed at excessive humidification [32] . Fig. 7(B) , (C), (D) show similar evolving trend of hydrogen crossover with increasing RH which indicate largely homogeneous humidification state of the membrane. Fig. 8 shows the evolution of hydrogen crossover current density distribution of MEA2 at different humidification. A relative high hydrogen crossover could be observed in hydrogen outlet area. This could be attributed to the better humidification state of the membrane in this area. For 120% RH (dew point temperature of bubblers (84.5°C) higher than cell temperature (80°C)) a locally decreased hydrogen crossover in cathode inlet area is observed which is likely due to the blockage of hydrogen permeating pathway by condensed water at excessive humidification.
50%
60% 70% 80% 90% 100% 120% In previous studies [24] segmented cell measurements have been used to study H 2 crossover of defected MEAs in which a pinhole has emerged due to a sudden pressure drop of reactant gases. Bodner et al. used segmented cells to study the localization of artificial pinholes in MEAs [42] . In the case of membrane defects j distribution of different intact membranes can be positively analyzed using the segmented cell technology under different conditions.
Air H 2
In this study, the segmented cell technology was applied for the first time to study local H 2 crossover of intact MEAs versus cell temperature, gas pressure and humidity.
From the measurements following conclusions have been drawn: -A linear increase of H 2 crossover with increasing temperature and hydrogen back pressure was observed. Thereby, H 2 crossover was higher in the gas inlet area than cell average.
-RH has a smaller effect on H 2 crossover than that of temperature or pressure.
The dependence of H 2 crossover rate is non-linear increasing for RH increasing up to 100 % and decreasing at excessive humidification: The measured H 2 current density distribution is homogeneous at all studied RH values.
-The effect of RH on H 2 crossover is explained by taking into account the H 2 partial pressure, H 2 solubility and diffusion coefficients in the membrane as well as microscopic structure of the membrane at different humidification levels.
